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“!lestswere connoted”,with two bfitoal lowArw akr-

foils of ~0-,inchchad to detkrmlne the effects of surface
projeotionq, @.ooves, and sardtlqjsor~tch.eson boundary-
layer transition. The Reynolds ‘nuuiber.at whioh “aspanwise
row of cylindrical projoctlons wmzl~ cause premature
transition was determined-for a range -ofRemolds ~number

from approximately 3 x 106 to 10 x 106. ~Data were’ .
obtained for “projectionsof var!.o-wsizes and chordwise
looatlms on both low-drag airfoils. The besul.tswere
analyzed on the assumption that the cr~tlcal airfoil
Re~olds number for a Liven projeotton was a funcblon
only”of the l~cal-fkw conditions around the projection.
This assumption neglected.possible effects of tumel tur-
bulence, pressime gradient, boundary-layer Reynolds
number, and the.original extent of the la-ahar flow. “Zhe
data oorrela~ed.on the basis bf this assumgtim within a

range “ofortt.ioaliirfoll Reynolds nuniber.of *0.5 x 106

and within a range of projection height of .*().002inch.
The tests of surfaoe moovss and smdtruz scratohes indi-

“ sated.that,’.fm the range of Repolds number investigated,
the laminar boundary layer was much less,sensitive to
surfaoe.grooves and sanding soratohes:than.to projections

‘ aboye”the suri?ac~: ‘ .
. .
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The detiiopmeiit’”’of’”theNACA M)&li%g’aWfoils.hq8’
aroused a great deal of Interest In the problem of dMer-
mining the amount of surface roughness necesssrf to cause
premature boundary-layer transition tiom laminar to tur-
bulent f’low. A oonpiderable amount.of data has been*...
publhhed (referermes 1 @2j p~=taining to the effects
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on atrfoil characteristics.of,the appllo.atlonof mrbc-
rundum grains to ‘airfoilsurfaces. Little data have been
published, however, concern-~ngthe Reynolds number at
which surface projections of a given size ati chordwise
looation would cause premature transition. Fage has oon-
duoted tests to determine the”allowable size of three
forms of surface ridge - flat, arch, and mire - located
at various positions on low-drag alrfolls (references 3
and 4) and later extended the work to Include the effect
of smooth bulges and hollows (reference 5). Tani, Ham, -
and Mitu18i (reference 6) have investigated the effect of
spanwlse wires on premature transition.

The purpose of the present investigation was to
determine the Reynolds nuniberat which surface projections
of a“given t~pe but of various sizes and chordwise loca-
tions would cause premature transition and, if possible,
to establish a general relatlon between the projection
size ai~d critical Reynolds muaber, An attempt was also
made to determine the effects of sanding scratches and
imperfect sheet-metal butt joints.

The tests-of this Investigation were conducted in
the LEU@ey two-dlnwnsional low-turbulence tunnel. Two
typical low-drag alrfolls were tested and data were
obtained f’orvarious comtiinatiqnsof projection atza and
chordwlse location thro~h a ra~e of Reynolds number

6 6from approximately 3 x 10 to 10 x 10 . Data were also
obtained with the alrfoll surfaces finished with various
grades of sandpaper and c=borundum paper. The Imperfect
sheet-metal butt joints we”reslm4ated by grooves cut
into the surface. Tests were inadewith symwise grooves
of various sizes and chordwise locations.

Although the projections tested simulated no definite
type of rougkmesa, the results of this investigation
should provp useful as an indication of the order of mag-
nitude of the individual specks that may be “toleratedon
a low-drag alrfoll of given chord and pressure d~stri-
button: The Reynolds numbers of these tests were low
compazzedwith usual fii.ghtvalues; however, application
of the analysis to the prediction of allowable projection
sizes at hi~her Reynolds numbers appears reasonable, par-
ticularly for projections on the forward part of the
airfoil.
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on chor,dof low-drag
. .

()Uocairfoil and free-stream veloclty ~

Repolds rrumbe.r

just outside

per ~lt. length; based on velocity

m
boundary layer ~

boundary-layer Reynolds mber; based on bound= y-
layer thickness and local veloolty just outside
boundary layer (R?5)

projection Reynolds number; based On hei@ of Pro-
jection and velocity In boundary layer at top

r)
projection —

u

Reynolds number basad on distance x and local
velocity just outside boundary lqwr at
posttion x (Rl~)

boundsry-layer transition parameter

()

a

=P

const~t for any chordwlse “locationof

projection (~)(o~~~

Subscript:

cr indicates conditions just before transition from
lamlnsr to turbulent flow.

TEST METHODS

of

Models..-The tests were conducted In the Langley
two-dimensional low-turbulence tun.nol. 2he-tast section
of this tunnel measures 3 by 7.5 feat and when mounted
the models completely spanned the z-foot d~ension.

Tests were conducted with two typical lamtnar-flow
airfoils which hereinafter will be referred to as low-
drag airfoil 1 and low-drag airfoil 2. On both airfoilsl-.
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the position of znl@mum pressure was ,at0..7c;however,
the .press.~egradient,was more..$’avorableon lowdrq alr-

ffo$l.1..than .onlow-drag a$rfpll -2.,~~,L~4ra.g a@?ol 1
Was tia@~e@ .#’qr.,.g~..%de.,a~,.~1$.t...oo.etXW3\ent.;of..0.2..I.wllh.a-
z@i’~““”line“of.thO,.t”~e...a = .CJq7;10W+,W a3rf,o132 *c3 a
“symme.trloal’Section. @cpen’tie.ri$al’PZ%ssure ,dfstributi~ns
“-e presbritetl’for tliei.”two“kir$’oils,at the given test cdh-
ditions In-$’lg@es 1 and 2. .The.models were qonstructbd
of.wood and were painted &d sanded to have ae,rodgnamf=
oally smooth finishes. Each model”had a ojaordof.I
90~n+eeo. . .. , .. . ... .... . . .

Tests.= The &o j9&ion8 were.c@l”ndrlcai:ad con- .
ststed of headl~ss nails driven perpendicular “Into.%hq.
auifaoe unt11 the desired helght.was.attalned● .The prd-
jeotlon heights were determined wtth an Ames dial gage...
Tests were performed with one spanwtse row of projeot~otis
of oonstant size located at tha desired“’ohordwisestqtlon
an.the ~per inmfac~ of the alr~oil; the spanwise spacing
was .3 inches In all tests... Pr-ejectionsof 00035 -lnoh
diameter and various heiglhtswere employed In the tests;
oheck tests were conduoted with projeotlons of O.Ols-inch
dtameter. The various combinations of projection size
and ohordwlse location tested with low-drag airfoils 1
and 2 are presented in table I. Drag data were obtained
for airfoil Reynolds numbers varying from approxi-

mately 3 x 106 to 10 x 106 for the airfoils with smooth
surfaoes and with each combination of projection size
and location. The drag measurements wer8 made at a
single spanwise location by the waka-mrvey method, a .
complete-description of which appeqrs in reference 1.
For each projection combination,the Reynolds nmber at .
which the drag coefficient showed a defihite increase
over that of the smooth atrfoil waq oohsldered to .be.thq
crlttcal Re~old8 .,niamber.‘The drag data Were ,often3nooti-
c$lusive,partloularly,when the piojeatlonq.were lo”cated
at large dlstance”sbehind the,leadtng edge. I?Ithqse .
Instanoes the boundtir-layer transition parameter (refer-
eme 7) was deter”mlti~i%m measurements-of the velocity,
p@ofi16 in%he boun@y layar. ‘Tk&se~amrements were-
m@e, wtth .ar’ackof total-~esqure,,tubes“(r,eference~7)
locatqd 2 hohes.behind the projeotlona. The Reynolds
nuziberat .whlohthe boundary-layer transition parameter
showed a .deflg~tqlBorqasq,was cqnal,dened:the.orf.tical.-.
value. The dr~ of tilea~foil without projections was
determined at ~equent Intervals.t& insure that .s11drag”
Iporements .wer.e aause~ by theprojeutlons and not .s-. .
Pther surface.tiperfbctlon. . . ....

. . . . ...

. .
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Imperfect.she6t=metalbutt”jo~nts were.simulated b~
grooT6s.of several stzes cut into th~ ~~fa~e of 1ow-*w.
airfgil 10 T@8.vsMous combi”natfo~ of ~o,oveki~e and
confl@ra,tiionthat w.ez% “test”e~are presented iu.table”II”.
(3roovesof X-plan form are.illustrated In figure.3. The
“proceduref’ollowedin performing the tests of the airfoil
with grooves was the same as that h?? the airfoils with.
~ojeotions.

... .,

The various “gradesof s~paper and Carborundum
paper used for determining the effeots of sanding scratches
on transttton are Indicated in tgble III. Not only were
various grades of abrasive Wed to”determine the effects
of sanding but the direotion of sanding relative to the .
air stream was also varied. Enlarged photographs of sur-
face areas sanded with circular and cross-hatched strokes
are shown in fig~e 4. The ❑ethod for applyirigthe rough-
ness is shown in figure 5. The roughness area was pro-

gressively incr6ased from a strip from 0.7c to 0.5c to
include the p@ of the airfoil between 0.7c and the
leading edge~ Rrag data were taken through the range of
Reynolds number after each area was sanded.

RESULTS

“+---PI?Oections.- The results of the investigation of
the e fects of surface projections on transition are pre-
sented In f:gures 6 to 100 The variation of section drag
coefficient.with airfoil Reynolds number for the two low-
drag airfoils with smooth surfaces is given In figure 6.
The increase in drag coefficient for low-drag atifoll 2 “
at the higher airfoil Reynclds numbers is belteved to
have been caused by the increase in air-stream turbulence
with Reynolds number. The drag “oflow-drag airfoil 1 was.
not”affscted by the increasing air-stream turbulence
becatisepf the more favorable pressure gradient of this
airfoil. The results of the analysis given later in the
discussion appear to indicate that the turbulence of the
air stream had only a secondary effect on the Reynolds
number at which the projections caused premature
transition.

The increments of’“draginduced by projeotlons of “
various sizes and chbrdwise locations are plotted against
airfoil Reynolds number in figures 7 and 8,. The boundary-
layer transition parameter (reference.y).iS plotted as a .
function of atifoil Reynolds number in figures 9 and 10.
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Surface grooves and aar@&ug,aciratohps:=~~e results
of the investZgattm. d’ the.e“wgqt.s~.of~surfsoq grooves
and sanding mmatohes. on tmnsltion tege.therwith the j.
teat conditions at”which theiresults were obtained are
presented in tables.II ~ ITI,,.reapemotlv~ly}.“-” - .“..”...’ .“ . .J: . . ‘..’

. .,.. . . ,. . ... .

., ,. DI$CTJSSION Am, iNA&s .“ :
.. . .. ..;. ,.

=.0j00ti10n8.-..A8 haa atieady been ir+d$qat~d,th~
airfoil Re@olde number at ‘whloheither the,drag Zntinement
or boundary~layefitransltlori-parameter shows a.“definite
Increase is considered to be”the mitlcal Reyrio’ldsnumber
“atwhioh premature transition OOCWS. The aocuracy with
whioh an Increase In either of these parameters estab- “
lishes the critical Reynolds number Is Indicated In figu-
res 7(0) to 7(f). Several”values of the “critical
Reynolds number were obtained with eaoh size of projeotlon
at Oa20c on low-drag airfoil 1. The values of the
critical Reynolds number obtained with eaoh configuration

~enerally agree within 1 x 106. Althou
P

better agreement
mi”ghtbe considered desirable,.the refiuts presented are
thought to @ve a good indication of the order of!magni-
tude of the Reynolds number at which premature transition
may be expected with projections of a given size and
location.

The general effects of ~ojection size and,location
on.transition are Indicated by the experimental curves.
As might be expected, the critical airfoil Reynolds number
at a speclfled ohordwlse station decreases with increasing
projection height and diameter. AS projeotians of a given
size are moved toward the leading edge, the critical
Reynolds number decrsases until the-projections aluost
reach the stagnation point and then beg~ns to tncrease.
The lower caitioal Reynd.d8 numbers for pojeotlons of
given height at 0.65c as compared with those for projec-
tions of the same.height at 0.500 (figs. 7 -. .9)I@ be
due to the pomblned effects of a-zero or slightly unfa-.
vorable presstie gradient and “Larger.vakes of the,
boundary~layer Reyn~lds hqmber. The results obthined
with projections neti the stagnation point are explained
by the low velocity over the”s~face qnd tljesteep
.velooitygradient at-the,.st~ti,on point? The incr9ase
In oritlcal Reynol& n~bsr as projeo$lons,are pladed
near tl’lestagnation point sh6uld not, however, be taken..” .“

“ ~“” ‘
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to mean that large projeotlons maybe tolerated near the
leadflngedge. At some angles of attack, the”velocity
nesr the Iekding ed~ would”be very “him arid,consequently,
the oritIoal pro~ectiotistze small. Althou@ the value
of the critical airfpil Remolds nuaibervaries with chord-
wise,location of the projeotions, the results indicate .
that the critical Reynolds rn.miberis much more sensitive
to variation in projection size than to variation in pro-
jection chordwise location. A comparison of the results
obtained with the two low-drag airfoils indicates that
the symmetrical airfoil has a higher critical Reynolds
number for a given configuration than the cambered air-
foil. This result is quite reasonable since.the local
velocity over the upper surface is higher for the caniberad
section than for the s~etrical section and the boundary
layer is therefore thinner. “

The manner in which the drag ‘coefficientvaries with
airfoil Reynolds number depends on the way in which pre-
mature transition occurs. The movement of the transition
point from its original position to the position of the
disturbance,may extend over a considerable rqe of
Reynolds number. This process occurs as a result of an
unsteadiness or waviness induced in the boundary layer
that grows in amplitude as the distance behind the dis-
turbing element is increased. If the original length of
laminar flow is sufficiently great, the unsteadiness
induced by the disturbance will increase to such a degree
as to cause premature trail~iti.onbefore the original
transition point is reached (references 8 and 9). As the
Reynolds number increases, the position of critical
unsteadiness moves forward and causes a progressive .
decrease in the extent of laminar flow in the boundary
layer so that the drag shows a @adual increase over a
considerable range of airfoil Reymolds number.

In the present tests, however.,(fiCs. 7 to 10) the
transition point seems to move, at a particular value of
the airfoil Reynolds number, abruptly forward from its ~i
original position. In some of the”figures, thd value of
the drag rises abruptly and then continues to rise with
increasing Reynolds number but more slowly than before.
The ultimate value of the drag corresponds presumably to
transition at the projection. The continued rise in drag
after the Zfi’stabrupt increase may indicate either that
the transit~on ‘pointdid not necessarily move all the way
to the disturbance as soon as the critical Reynolds nuriber
was exceeded or that all the projections in the”single

. .
●

.
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qpanwlse,row acro”sstlie”tiirtdi~dtiido’thave ”’6x@’tly:the
same heltit and “shane~and.the&-i?6rethe s“ame.critioal:

,

seti oharaoterlstic Of-the ~o-jec,tiona-“tented.-”-.~~- - “.- -
.. .,.

‘ “jjnktte~t W~S ~de” to oorre~~ie the ~itl&l” alrfotl
Remolds. nq@ers mt whi”tithe pr”ojeetions utiused.&.bma-
ture,transitton wfth looal-flow condittom mound ‘thb--
proj.eotion(ref’erenoe 10}”. ~n suoh an ~lysls, W the
results, o&tain varlab~es sre ~gleoted, suoh as tunnel
t~bulence ~ meas~e gradient0 b~=y-lawr” RaPol~s . .
number, and thq orig~nal extent of lami~ flow, except
Insofar as these variables affeot looalwflow conditions.

Stillsrity of iookl-fiow conditions abo~t pro~botions
in similar ftelds of flow is obtained If the projections
are geometrically similar and If the RS@old8 number ‘of.
the flow about the projections is the same. ‘Inthe-fol-
lowing analysis, the projections are taken to be suffi-
c-ientlysmall to make tm/bT In the absentie“ofthe pro-
jection essentially constant frm the surface to a hel@t
equal to the hei@t of -the pro~ection. Cyllndrioal pro-
jections are geometrically similar If their flnaness
ratio%” ,i@ “ are the same. For each value of d~ “the
local~fln, ~ttern is therefore completely determined by
the Reypolds humber of the flow about the pro~ectlon.
The.Rpjn~lds nuniberof the flow about the projection Rk

Ukk
was taken to be ~, The critical &ojectAon.Reynolds. .
number -Rkcr .was talc.ulat”edfrbm the experimental data

Oornespondl-igto the orit~cal a~rfoi~ Reynolds nuziber”as
indicated by the omveq of flgubes 7 to 10. The Blaslus
relation for &@y. expressed In terms of the boundary-
layer ‘thlcknes.swaa 6qployed ~or cal~ulating ~. “ The
v&iation of the boundsry-layer thlolmess with dhordwise

position at Reynolds numbers cf 3 x l~g and .9.x 106 is
givetiin figure 11 for low-dmg”atrfoils 1 and 2. The
boundary-layer thiok.nessesWere calculated b~ means ”of’
equation.(Bl) of appendix B. The final .qquationfor the
oritioal projection Reynolds number ZS as foll@ws:.

., #..., ,.,.~.,- . ., . . .. . . ..
.0.. ,.

. . . . . . .. . z’
. . 0, Rkm””= 0:76$++.... .. . or.... ..

. .

%&r”.”: ‘. .. .“’(1). .
.,
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The derivation or equatlon”:”l)””.isgiven In appendix A .
1and the method-bt r@ducZI@ ~e”exp&@ental data to .

obtatn R~cr” ia outlined in ap~titi Bt

F
Values of ~ are plotted agalnat the corre-

sponding values of %0 Projection flneqess.ratio “d~” in
figure 12.

F
In this fi~e k was”used as”a Variable

. rather than Rkcr
F

because k IS d&ectzy” propor-

tlonal to the criticax ~ojeoti~nhelght.

The considerable scatter of’the potnts show in
fl~e 12.appears to be unsystemat.ig. The scatter may
have been caused primarily either by the neglect of acme
of the variables previously mentioned or by experimental
inacouractes in determining the critical airfoil Reynolds
number for a given projection. Oheck tests of the
critical Reynolds n ber have been shown to differ by

. 7“app”roxtiately1 X 10 . In order to indloate the practloal
significance of’the soatter of the data shown in figure E,
curves of projection hei@t against critical airfoil
l?e~olds number have been calculated from the faired curve
of figure 12 by means of the relation presented in
appendix C. The comparison of the experhmntal points
with the calculated curves (figs. 13 and l)+)shows that
virtually all”the experimental points of the critical
Reynolds number can be made to agree with the calculated

6curves by shifting the points not more than 0.5 x 10 on
the Reynolds number scale and not more than 0.002 Inch
on the height Scale. The results therefore indicate that,
with the exception of the points obtained for projections
close to the stagnation point, the effects of small pro-
jections on transition can be.correlated with local-flow
conditions within the limits of experimental error In
this investigation.

The data from which rRkor
was correlated with d~

were taken at Reynolds numbers from approximately 3 x 106

to 10 x 106. It is reasonablo”to believe, however, that
the correlation would be valid at higher Ro-polds numbers. ‘
A consideration of the parameters describing the boundary
layer indicates that conditions near the leading ~dge at
hi@ Re~ol.ds numbers me equivalent to oondltims farther
back at low Reynolds numbers. The analysis presented is
then particularly applloable when small values of x/o
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“qreconsidered wtth relation to high Reynol@ mmberd.
‘Ifi&muchas al> tests were made wibhone spawise row of

...........@alcal .projegtl(?+.the.cmitioal.Re~olds nukber may.. . be somewhat opttmiatto &+ ’-pfi’oJ&otl,msltkel~ ta=oocur.dn...
praotloe because of variations in the shape.Q? the.pro-
jectlons @&u the type.Investigated and,posstble oomblne~. .

3. el?fectaof a number ot proj@@ions at various.chordwise
. locations. It should also be nottadthat the analysis was

based.on data In whim the Bel@t of’.the projection was
., small compsred to the boundary-layer thickness and oan be
.,

i expected to apply onl~ when thla oond$tlon ,1sfulfllle.d~~ . .1.,’”
“,Fagehas,~eaented the results of..experltnentsoon-

dueted for the purpose ef determtni~ a“criterion for the
crltloal height of either a single aroh or a flat ridge
located in a spanwise dlraotlon at various ohordwiae
positions on a low-dzza~a@foll (z+ference 3) and a flat
plate (referenoe 4). Yh61cr~ter,ionas.detbrmlned frcura
the airfoil td”stswas presented in the form of a corre-
lation of Rk.cr.with k~o, where o is theairfotl

chord and k the rime height. The values of Rkcr .

determined from the flat-plate t~ats were correlated
with k/L, where L is the original length of Mmlnar
flow. Althou@ the drag data presented in reference 3
show that the orltical Reynolds numberls somewhat
dependent upon the design length of lamlnar flow, the

values of &r determined ,frcmthese two lnvesti~ations
were plotted in figure”15 as a function of d~, where d,
in this case, was taken to be the ridge width. The
parameter d/k is similar to the projection flnem”ss
ratio In that it describes the form or geometry of the
boundary-la~r disturbance. The values of k

F
obtained from tests made with Projections ati r&es are
nOt Strhtly comparable, Stnce rid.@S represent”a two-
dimensional Utsturbance and projections are three-
dlmension&. Values of Rkm obtained frcm tbe inves-
tigation of three-dimensional projections are, however,
also Included in figure 15 and show the similarity between,
the results obtained with the two distinctive types of i

b dlsturbanoe.. Auhough. ~”e,,,vQu~8of ..@~ obtained,..
with the two types of dist@bance do not form a oon-
.tinuous curve, they are of the same order of magnitude. .

1 .
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‘In”m?der to”&eck.:Fagers”resulbs, a“atrlp of ‘FScotchw
cellulose.tape simulating a s.pa~%ae ridge was applied..to
low~drag alrfall 1. ‘ TYO”k~oknssses. were inqployedand
the results,,whioh are “plottedin figure 154 are In fa$r !
agreehent with Fa,ge~sresulte. ““Fagealso made tests with “
a spanwlse wire.located at vadious o$ordwtee“positixum “
(reference 3 J. Wires of thnee di~ters were tested;.the

was, of qourse, 1 Zn all case~. The value~value of dfi~ .

of ~r obtained were 13*1,”13.5,-and 806. ‘Tani,Hama,
. .

and ~~ituiai(referenoe .6)conduoted:sfmilar tests with
wires located on an airfoil and -aflat%plate. The values”
of

rRkcr ..were13”fbr a.flat plate ind 15 for an airfoil:
●

Surfabe ~ooves. knd:sandim scratches.=.The results
of the investigation of the effects of surface grooves
and sandl.ngscratohes indio te that wit in the range of

t &Reynolds number from 3-x 10 to lb x 1 , at tilch these
tests were conducted, the boundary layer 1s relatively
Insensitive to surface scratohes. Only deep X-plan-form
grooves located near the ‘leadingedge caused premature
transition (table 11). No def$nite indications of pre-
mature tranaltion were noticed with any of the t~es of
sanded surfaoe. The drag was somewhat high when the

surface was flnished”with No. 1$.sandpaper, but there

was no definite break Zn the drag curve. It iS thou@t
that at higher Repolds numbers than those at which the
tests were made the t~e of sanded surface would show a
more definite effect upon transition. A comparison of
the results obtained wtth various-types of surface imper-
fections Indicates clearly that, within a given range of
Reynolds nuniber,the hminar bouudary layar 1s muck more
senslttve to sur#’aceprojeetlons,.thanto indentations In

‘ the surface. .

CONCLUSIONS
. . . ,.

lWom tests oonducted with two typical low-drag al.r-
foils of 90-inch chord to determine the effects of surface
projections, grooves, and s~ing scratches on boundary-
layer transition, the following conclusions were reaohed;

1. The Reynolds number at which one row of ,spanwise
projections causes premature transition is primarily a

I
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fumtion of’the projeotlon geometry and’the RQynold8
ntib6r””b”&8ed’”oh”tBe”-he2@atof the projection.azul.tihe
veloolty’at the top of the projection, provided the
hetght of the projection 1s small goqpmed with the
boundary--layerthto~sa. . .“

. .
“2”~-The laminar”bound~y la~r is more aensitlve to

sur”faoe*ojeotl’ens”than ‘tosurfaoe grooves qr sanding
soratchee~ ..,, . .. .

Langley Memorial Aeronaut@al L8boratqry m
National Advisory Committee for #eronaut.lcs

Langley Field, Va.

.
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., “ APPEJ9DIX A .“
. .. .“. ,’.

.“ 2

()
-IVATION OF RkOr = 0,764 +J

. .

Rom .

!lheparameter Rk may be “thoughtof as a Reynolds
number based on the projection height and the boundary-
layer veloclty at the top of the projection; that is,

Uk””’
Rk=~ .“

For small values of y, the velocity u in the lamhar
boundary layer my bo expressed as a linear function
of y by

du
u = yG

then

so that

ln

%c=~g
$ du

Rk=—— u dy

order that Rk may be more easily oalaulated,
the glaslus relation (reference 11) for the slope of the
lamlnar boundary-layer velocity profile is introduced

du=

dy
0,332: G (A2)

The sribstitutlonof equation (&?) into the expression for
the projection Reynolds nunibergives

(A3)



!
... .. .... .—

.

The Ellaslueexpresslon(ref~rence 11) for the boundary-
0. .la.yerthlc~eas, which-Is deflwl.as the distanoe normal,.-......,.:.# to the wing surface at whloh ~:= O.”i~,,is
;:
i
,“

. ..

. . .
. . w“””.

equatton (A3) may be”wrftten as

but
u-=R~
u

therefore

If the numeratar and.denominator are

.. .

. “.. . “

. .

multlplled by 6

(4)

If 8 Is taken as the boundary-layer thiokness just
before transition frcm laminar to turbulent flow, then
R6 is the critical boundary-layer Reymolds nuniberand
equation (Jd+.) may be written as follows:
..

.,

(A5)

,.,
. .
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DETEWINATION @ “ ..
%

.FROM RCPERIMENTAL DATA
...

From equation (Ji5 ), it. Is seen that-the values of- R
and 8 which correspond to the alrfoll R5ynolds number a1?
transition must be calculated. “A suitable equation for 6
1s obtained by assuming a Blaslus velocity dlstrzbutlon
and integrating the von K&&I momentum relation. The
following equation results (reference U):

“ . .

A more convenient relatIon is obtained if equation (Bl)
is multiplied by RI

The
my
f~
The

numerical value of equation (B2) is a constant for
ohordwise position and need be calculated only once
each position at whloh tests are beln.gomducted.
oritical values of

from equation (B2) when
has been experimentally

but

8 and R8 may b= calculated
the critloal Reynolds number Rcr
determined. By definition,

RI+ .

.1
IJoc . “ .“ ,

Rcr.=~ ..
therefore,

R? “= JL#ti. . “
. .

0
(B3)

The boundary-layer thickness is then obtained by dividi
the square root of R?, Yas determined from equation (B3 ,
Into the constant 661 ● In order
only necessary to multlpl~ 6 by
in equation (A5]are now known, and

●

to obtain R~, it is
R!. All the variables
Rkcr may be calculated.
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APPENDIX C“..
-.. . . . . . .... . .. ,.. .. .. . . .... ....”. ,,.

“~”IVATIOlfOF

Since

then

If both

.. L 4. ..,..-.. . . .. . . . . . . . ---- ~.mv,.,,----- ..

., “(r) ,333
kor

Rcl-’=A— *. ...

. .
,. “... .

2.
Rkor

()
= 0.764 +-

cr

‘kcr

FO.764 =

sides of equation (Bl]

Rlcr

T Cr

are multiplied

d= is constant.for any given
ao that

17 :

(cl)

~cr3/2

(r) 9533
PA 2n . * ‘kcr -

Ror =
%) k“

where “ . -. .. .,. :

(r‘Oc 66’ B’
A=—

U-
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COMBINATIONS OF SIZE AND OH.ORDHISSL.00ATI.OHCF ~OJ’EOTIONS .
.

. .

T$STED YiIkI “,MUV&AG hIRFOILS 1 Am “2 “.. ,.. .. ..“ “.. .

Low-dr

hordwlse
locatIon
—-

0.00070
● 0007C
● 0007C

0.058c
.058c
.qj~c

0.20C
●20C
.2(3C
.(2OC
.20C

0;35C
.35C
.35C
.35C

o.~oc
,~oc
.5@c
.~oc
.50C

o.6cjc
.65~
. 65c
.65C
.65C
.65c
.65c
.65c

;,airfoil 1 it Low-drag airfoil 2

EiT%iFF

---1--
0.035 0.

2.035 .0
.035 .08

+’
0,035 0 ● 005

● 055 .010
● 035 ● L15

0.035 0.009
.035 .fn~
.035 .020
,035

A!@%

0,035
.035
● 035
● 035

0.019
● 015
.020
.025

0.010
● 015
.025

Q?
●o o
● o

rOhordwii=p=-
0.050
.05C

I .050

II .Oyl

L_.11

I 0.20C
.20C

I
.20C

‘1
.20C

I
.2(IC
.2(IC
,20C

I
.20C
.200

I
.20C

0.200
.20C
.20C
.20C
.20C
.20C
.20C
.20C
.200

0.035
.035
,035
.035
● 035

0.010 II 0.500
.015 ‘i

I

.joc
.020 .50C
.025 .50C
.030 i .50C

8

,0 5 !
● ~oc

.0 0 I

.ob5 !:
v.

.-.

Diam. IHei@t-
(in.) I (“in,)

t
— .— . .

0.035 0.010
● 035 ● U15
.035 .020
.035 .625

+o“:
:035j :011
.055[ .012
● 035I ● 015
::;;‘ .C20

.025
● 035~ .030

4ii@!!L

0,015
.015
.015
,015
● G15
● 015
,015
● 015
● ol~

0.01
.0J
.015
.016
.019
● 019
.021
.023
.(x?~

I

0,035
.035
.035
.035
.035
.035

0.020
.025
.G30

$
●O 5
.0 0
.050

I -—

I

iATIOi?ALADVISORY “
COMXITTAZiFQR AERONAUTICS
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~ TABLE II
..

=~S OF UPPER-SURFACE (lROOVEi”ON DFUM3-. ..-,... .. ..... ......-.,,,.,
. . (X”.LON=-Cl AIRFOIL 1

CHARACTERISTICS
..... . . . .,

I Ieroove descriptlcm , . Remarks

. .

Spanwise.groove O.00~ in.
deep and 0.005 in. wide
at 0.200

No meaatiable Increase,In
drag over that of emooth
wing for range of Reynolds

number fra 3 x 106

I to 10.57 x 106 ~,.

SpanWise POOV6 ().008In. I
deep and 0.010 in. wide

I

Do,
at C.20C .

Spanwise grooves 0.008 tn.
deep and 0.010 in. wide Do.
at 0.20c and 0.058c

Spanwlse grooves 0.008 in.
deep and 0.010 in. wide

I
Do ●

at 0.20cJ G.058c,
and 0.00c

Spanwiae groove 0.009 in.
deep and 0.013 In. wide Do ●

at 0.058c .

“1Spanwlse groove 0.009 in. ‘
deep and 0.021 in. wide . 1- Do ●

at 0.058c

I

Grooves 0.030 In. deep Imewtwetransition indi.
and 0.05 in, wide i,n cated by sudden Increase

I X-plan form at 1 in drag at a Reynolds

I
approx. 0.050c
(see fig. 3] . I number.of 6.95 x 106

‘.

NATIONAL ADVISCRY
CO?lMITTUEFQR AERONAUTICS
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TABLE 111.. ‘... .... .... . ,,.. ..,.. “..” ..
..

SUMMARY (YFIIRAGR2SULTS FROM.TESTS QF LM-DRAG AIRFOIL

FINISH2D WITH VARZWJS GR~S OF SANDPAPER

1

AND CARBORU- PAPZR

~11 tests were made of low-drag airf~ll 1 at Reynolclq
. ...

. G numbers.from approxl~tely 3 x .lOQ to 10.5’7 x 10bd

Abrasive

NO. 320
Carborundum
paper

NO. 320
carborundum
paper

NO. 320
carborundum
paper

No. 280
0arborundum
paper

No. 280,
Carborundum
paper

No. 280 ‘‘
carhorundwn
paper

Ohordwise I sanding~f’f’econ
extent of
roughness

Str0ke8 drag

0.7C to 0.00 Paralleito INo measurable
sanded In Whd Increase In
steps as direction drag over
Indicated in that of”
figure 5 .“ smooth.Wijlg

-----do------IPerpendicular Dom
‘ to wind
I direction- .

I
-----do------.k5° to wind Do ●

direction
i

-’=-L
-----do------IPerpendicular

*

Do, .“”
. . .

‘-% DO.”:~omplete
surface

1“
.“

1 ,

NATIONAL ADVIS(XZY
COU!’I?N3EF~ AERONAUTICS

:.,..
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TABLE 1“11- Conoluded

23

.. . . ... .. . ... .:
SUMMARY d? “bRA~”’iiESUL!i’S g’ROM TESTS A Condzdsd---–”

*s-
NO. 180 Complete
uarborundum surface
paper

‘%3. 120 -----do------
carborundum
paper

NO. 120 -----do------
0arbOrillldUM
paper

“No. 1+ I0.7C to 0.30

sandpaper I

I

sandpaper .
I

Errat 10

Cross-hatched
(see fig. 4)

—.—

Circular
(see fig. 4)

Perpendicular
to wind
direction

Erratic

Effeot on
drag

Tomeasurable
Increase In
dir

Y
over

tha of
smooth wing

Do ●

Do,

lrag slightly
high at
Reynolds
number of

10057 x 106

Do.

“.

NATIONAL JKOVISCRY
C()?,~Tm F~ ~Ro~~ICs

.-
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Fig. 2 NACA ACR No. L5J29a
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(a) Circular strokes. (b) Cross-hatched strokes.

Figure 4 ● - ~larged photographs of wing surface sanded with circular
and cross-hatched strokes.
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NACA ACR No. L5J29a Fig. 7a-c
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Fig. 7d-f NACA ACR No. L5J29a

Reynolds number, R

a (d) Projectlona of 0.035-inch diameter and

z 0.015 -inoh height at 0.200.

0
2 ./ - Reynolds nunber, R

(e) Projections of 0.03’j-lnoh dlemeter and
0.020-inch height at 0.20c.
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Fl~re 7 .- Continued.
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Fig. 8a-c NACA ACR No- L
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..>
.“ ,... ,,.,-

.5- r 1 1

.4 —0
(A. )
0.040

L
+ .030 I

.3 x
.025 ‘?N i

(
w f

.2 K .. A ., /
. M

j
.1

!
~o

o 1.0 2.0 3.0 l@ o 5.0 6.0 7.0 8.0 9.ox: ~6

G
Reynolds number, R2

* (a) Projections of O.OSS-inch diameter at 0.50c..
%

1 1 1 1 1 1 1 I

!1/1
1 1

‘L1 - NATIONAL ADVISORY

o
~MlllEE FOSAESOUAUTICS

o 1.0 2.0 3.0 &o 5.0 6.0 7.0 8.0 Y.ox 106
Reynold8 number, R

(b) Projections of 0.035-inch diameter at 0.650.
.- Boundary-layer transition parameter aa a function of

‘i~~o?ds number for low-drag airfoil 1 with projection. of
various sizes and chordwlse locations.



II II III I ■IMI 1111 ,,=, l,, ,., I I ¤lllm~

.

Fig. lea-c

,, !1! , ... ,!., ..11,1-!1 ,., , II,,,, ~, ,’

NACA ACR No. L5J29a

.6. 1 1 I
-“ ““” ““ ““ “k’.

.5
(in.) ‘“

i

.4
0 0.030
+ .025 —
x .020

.3
4

d

.2

.1

0
0 1.0 2.0 3.0 4.0 5,0 6.6-““ 7.0 8.0 9.o,xlod

e! Reynolds ntgnber, R

(a) Projections of 0.035-inch diameter at 0.05c.

.6

.5

.4

.3

.2

.1

0

.

k
(in. ) ““”’””

o O:;()

tl A

t
x .030
El .025

@

,
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 ““8:0””’9.@lo6

Reynolds number, R

(b) Projections of 0.035-inch diameter at 0.20c.

(in..)
o
+ Oi-
a

{

..Q35
7 .030‘J : .,025-

A .020

+ j
-a= NA71QNAL AOYISQRY

COMMITTEEFa M.MAUTlcs

I

f I I 1
0 1.0 2.0 3.0 li.,o 5.0 6.0

..—.- .._
-“7.”0” 8.0 9::ox 106

Reynoldg nqnber, R

(c) Projections of 0.,035-Lnch diameter at 0.50c.

Boundary -lay,er transition parameter as a function of
“g~o$;s””;uqber for low-drag. a$,rfoil 2 W1 th projections of

various sizes and chordwlse. I.c?cati.ons.,

.



n

------Low-dragairfoil 2,

#‘/00

/
/

0

/ /-/

i #

~ NATIONAL ADVISORY

I CWNITTEE FOQ AERONAUTS, [ b
“o ● 10 ●20 ● 30 .40 ● 50 .60 .70

Chordwisepositions tic

Figure 11.- Variation with chordwiseposition of upper-surfaceboundary-layer
thickness (calculatedby means of equation (Bl) of appendix B] on low-drag
airfoils 1 and 2 for Reynolds numbers of 3 x 106 and g x 106.

z
o
●



40.0

30.0

20.0

10.0

0

I I I 1 I I 1 9-

11 I

“k.
Low-drag airfoil 1

~

Lu

x/c Diam●

(in.)
o 0.05 O:gj
+ .20

●20 .015
: .50 .035
Low-drag airfoil 2

x/c Diam,
(in.)

w!del * O.0*
--l

0.035
A .20 .oy~

A \ v :3g ●0:
t v

?
●o3y

● 5 .035—

(>n

I I I I.I
NATIONAL ADVISORY

COMMITTEEFOOAERONAUTICS

1
*

-

.

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 ~
Projection fineness ratio$ d/’k F

Figure 12 .- Varlation of boundary-layer
projection fineness ratio for low-drag

Reynolds number factor with z
airfoils 1 and 2. w

@



Il.

.

NACA ACR No. L5J29a Fig. 13a,b

,07

.06

o
a)

o

.

.x

.07

.06

.05

.04

.03

.02

.01

0

I I

.,..

\ o

—Calculated
o ExperimentalL

o 1.0 2.o 3.o 4.0 5.0 6.0 7.0 8.0 9.0 10.
Critical Reynolds number, Rcr

(a) Projections at 0.0007c.

~alculat.d
+ Experimental

NATIONAL ADVISORY
COMMITTEEFORAERONAWKS

o 1.0 2.o 3.0 &O 5.0 6.0 7.0 8.0 9.0 10.

0 x 106

0 X106

CrLtlcal Reynolds number, R=r

(b) Projections at 0.058c.

Figure 13 .- Calculated and experimental values of maximum allowable
projection height as a function of Reynolds number for projections
of 0.075-inch d16uieterat various chordwise locations on a gO-inch#
chord model of low-drag airfoil 1. ‘CT‘o

, ..—-—.——.—
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